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A f l igh t -weight ,  metallic thermal  p r o t e c t i o n  system (TPS) model applicable t o  
E a r t h - e n t r y  and hypersonic-cru ise  v e h i c l e s  w a s  s u b j e c t e d  to  m u l t i p l e  c y c l e s  of both  
r a d i a n t  and aero thermal  h e a t i n g  i n  o r d e r  to  e v a l u a t e  i ts  aero thermal  performance, 
s t r u c t u r a l  i n t e q r i t y ,  and damage t o l e r a n c e .  The TPS is a mass-optimized (1.491 l b /  
f t2),  s h i n g l e d ,  r a d i a t i v e  s t r u c t u r e  c o n s t r u c t e d  of RenG 41, a n icke l -base  a l l o y .  
TPS was des igned  f o r  a maximum o p e r a t i n g  tempera ture  of 2060OR and f e a t u r e s  a sh in-  
g led ,  c o r r u g a t i o n - s t i f f e n e d  cor ruga ted-sk in  h e a t  s h i e l d  wi th  i n s u l a t i o n  and beaded 
s u p p o r t  ribs. 
Micro-Quartz' fibers and 0.60 i n .  of HITCO TG 150002 f i b e r s  which are compressed by 
10 percent .  
The 
The i n s u l a t i o n  package f o r  the Ren; 41 TPS c o n s i s t s  of 1.38 i n .  of 
The TPS model w a s  e v a l u a t e d  i n  the Langley 8-Foot High-Temperature Tunnel. The 
model w a s  s u b j e c t e d  t o  10 r a d i a n t - h e a t i n g  tes ts  and to  3 r a d i a n t  prehea t /aero thermal -  
h e a t i n g  tests ( r e p r e s e n t a t i v e  of a Space S h u t t l e  e n t r y  tempera ture  h i s t o r y ,  or tra- 
j e c t o r y ) .  The a e r o t h e r m a l  tests were conducted a t  a nominal f ree-s t ream Mach number 
of 6.7, a s t a g n a t i o n  tempera ture  of approximate ly  3250°R, and a Reynolds number of 
approximately 1.4 x 10 per foot. The model o u t e r  s u r f a c e  was maintained a t  t h e  
approximate maximum o p e r a t i n q  tempera ture  of 2060OR for a t o t a l  of 63.7 minutes  and 
w a s  exposed to a hypersonic  stream f o r  a to ta l  of 53 sec. 
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Under r a d i a n t  h e a t i n q  c o n d i t i o n s  wi th  a maximum s u r f a c e  tempera ture  of 2050°R, 
t h e  TPS performed to  d e s i g n  s p e c i f i c a t i o n s  and l i m i t e d  t h e  pr imary s t r u c t u r e  away 
from the support ribs to  tempera tures  b e l o w  780OR. During t h e  f i r s t  attempt a t  
a e r o t h e r m a l  exposure,  a f a i l u r e  i n  t h e  panel-holder  test  f i x t u r e  s e v e r e l y  damaged t h e  
model. H o w e v e r ,  two r a d i a n t  p r e h e a t / a e r o t h e r m a l  tests w e r e  made w i t h  the damaged 
model to  de termine  its damage t o l e r a n c e .  During t h e s e  tests, t h e  damaqed area d i d  
n o t  e n l a r g e ;  however, t h e  r a p i d l y  i n c r e a s i n g  s t r u c t u r a l  t empera ture  measured d u r i n g  
t h e s e  tests i n d i c a t e s  t h a t  had the damaged area been exposed to  aerodynamic h e a t i n g  
f o r  the e n t i r e  t r a j e c t o r y ,  t h e  aluminum would have burned through. The s e v e r i t y  of a 
burn-through would depend on its l o c a t i o n  on a v e h i c l e .  When the model w a s  damaged 
i n  the wind-tunnel test, the f i b r o u s  i n s u l a t i o n  i n  the damaged area w a s  immediately 
sucked out .  The damage t o l e r a n c e  of t h e  TPS could be improved by packaging t h e  
i n s u l a t i o n  so tha t  it would remain a t  least p a r t i a l l y  i n t a c t  when p e n e t r a t i o n  damage 
to  t h e  h e a t  s h i e l d  occurs ,  t h e r e b y  lowering t h e  p r i m a r y - s t r u c t u r e  tempera ture  and 
p r e v e n t i n g  or de l a y i n g  burn-through. 
INTRODUCTION 
F u t u r e  hypersonic-cru ise  and Ear th-en t ry  v e h i c l e s  w i l l  r e q u i r e  l i g h t w e i g h t ,  
d u r a b l e  thermal  p r o t e c t i o n  systems (TPS's 1. Researchers  a t  the Langley Research 
Center  have been conduct ing  a broad-based program to  advance t h e  state of t h e  a r t  for 
metallic TPS technology because of t h e  i n h e r e n t  d u r a b i l i t y  of metallic systems. P a s t  
i n v e s t i g a t i o n s  ( r e f s .  1 to  4 )  have demonstrated t h e  f e a s i b i l i t y  of s h i n g l e d ,  radia- 
t i ve  metallic TF'S's; however, e a r l y  metallic systems were h e a v i e r  ( r e f .  4 and f i g .  6 
Micro-Quartz: R e g i s t e r e d  trademark of Johns-Manville Corp. 
2HITC0 'IG 15000: R e g i s t e r e d  trademark of HITCO. 
of  r e f .  5) than the f u s e d - s i l i c a  r e u s a b l e  s u r f a c e  i n s u l a t i o n  ( R S I )  c u r r e n t l y  be ing  
used on t h e  Space S h u t t l e  orbiter ( r e f .  6 ) .  Therefore, r e c e n t  s t u d i e s  have focused  
on mass o p t i m i z a t i o n  for the o v e r a l l  system. 
M 
A Rene 41 (n icke l -base  a l l o y )  TPS w a s  gesigned and f a b r i c a t e d  under the Langley 
program. A model r e p r e s e n t a t i v e  of t h e  Rene 41 TPS f e a t u r e s  a c o r r u g a t i o n - s t i f f e n e d  
cor ruga ted-sk in  heat s h i e l d ,  beaded s u p p o r t  ribs, and i n s u l a t i o n .  The Ren; 41 TPS 
w a s  designed f o r  o p e r a t i o n  a t  tempera tures  up  to 2060OR. The area where a Rene 41 
TPS could be used on the Space S h u t t l e  orbiter i s  shown i n  f i g u r e  1 .  
The aerotherFa1 performance, s t r u c t u r a l  i n t e g r i t y ,  and damage t o l e r a n c e  of a 
24- by 36-in. Rene 41 TPS model were e v a l u a t e d ' i n  the Langley 8-Foot High-Temperature 
Tunnel,  and t h i s  e v a l u a t i o n  is t h e  s u b j e c t  of this report. The model w a s  s u b j e c t e d  
t o  10 r a d i a n t - h e a t i n g  tests and to  3 r a d i a n t  preheat/aerothermal-heating tests 
( r e p r e s e n t a t i v e  of a Space S h u t t l e  e n t r y  tempera ture  h i s t o r y ,  or t r a j e c t o r y ) .  The 
aero thermal -hea t ing  tests were conducted a t  a nominal f ree-s t ream Mach number of 6.7, 
a nominal s t a g n a t i o n  tempera ture  of about  3250°R, and a Reynolds number of approxi-  
mately 1.4 x 10 per  f o o t .  6 
SYMBOLS 
The measurements and c a l c u l a t i o n s  w e r e  made i n  U.S. Customary Units .  
local Mach number 
free-stream Mach number 
I 
Ma 
9, dynamic p r e s s u r e ,  psia 
R u n i t  Reynolds number, per f o o t  
T tempera ture ,  OR 
i 
I 
t o t a l  tempera ture  i n  combustor, OR Tt, c
t t i m e ,  sec 
a a n g l e  of a t t a c k  , deg 
Abbrevia t ions  : 
av average  
m a  x maxi mum 
rad r a d i u s  
ref r e f e r e n c e  
reqd r e q u i r e d  




Thermal P r o t e c t i o n  System 
The thermal p r o t e c t i o n  system (TPS) model w a s  des igned  and f a b r i c a t e d  by Grumman 
Aerospace Corpora t ion  under c o n t r a c t  t o  the  NASA Langley Research Center .  The d e s i g n  
i s  based on proven b a s e l i n e  concepts  wi th  mass o p t i m i z a t i o n  as the major concern 
( r e f .  7 ) .  
Design criteria.- The R e d  41 TPS is des igned  t o  p r o t e c t  the primary s t r u c t u r e  
from high  s u r f a c e  t empera tu res  t y p i c a l  of t hose  expec ted  du r ing  100 e n t r y  c y c l e s  of 
t h e  Space S h u t t l e  o r b i t e r .  The s u r f a c e  tempera ture  p r o f i l e  used i n  t h e  des ign  of 
t h e  Re& 41 TPS ( r e f .  7 )  is shown i n  f i g u r e  2. A maximum s u r f a c e  tempera ture  of 
abou t  2060OR is reached a f t e r  500 sec and is main ta ined  f o r  approximate ly  500 sec 
b e f o r e  d e c r e a s i n g  to abou t  540°R a t  2200 sec. The TPS is des igned  to  restrict  the 
t empera tu re  of t h e  pr imary s t r u c t u r e  t o  81 OOR. The maximum p o s i t i v e - d i f f e r e n t i a l  
des ign  p r e s s u r e  d u r i n g  peak h e a t i n g  is approximate ly  0.68 psia; however, a h i g h e r  
d i f f e r e n t i a l  des ign  pressure (2.54 psia) occur s  a t  much lower s u r f a c e  tempera tures .  
General  d e s c r i p t i o n . -  The 24- by 36-in. Re& 41 TPS model ( f i g .  3 )  i s  a s h i n -  
g l e d ,  r a d i a t i v e  s t r u c t u r e  which f e a t u r e s  a c o r r u g a t i o n - s t i f  fened  co r ruga ted - sk in  h e a t  
s h i e l d ,  beaded f i x e d  and f l e x i b l e  s u p p o r t  ribs, and f i b r o u s  i n s u l a t i o n .  The h e a t -  
s h i e l d  p o r t i o n  of the test model c o n s i s t s  of f u l l - s i z e d  test  p a n e l  and a shor t ened  
f a i r i n g  panel .  Design d e t a i l s  of t h e  model are shown i n  f i g u r e  4. Table I shows t h e  
mass breakdown of t h e  model. The a c t u a l  mass of the TPS model is 1.491 l b / f t 2 .  
The geometry of t h e  h e a t  s h i e l d  ( c o r r u g a t e d  s k i n  and c o r r u g a t e d  s t i f f e n e r )  is 
shown i n  f i g u r e  5. The c o r r u g a t e d  s k i n  is 0.008 i n .  thick and has a c r o s s - s e c t i o n a l  
shape composed of a series of c i r c u l a r  arc segments s e p a r a t e d  by f l a t  segments. 
Lateral thermal expans ion  of the h e a t  s h i e l d  is r e s t r a i n e d  by the s u p p o r t  ribs, and 
t h i s  expans ion  is accommodated by t r a n s v e r s e  d i sp lacemen t  ( a n  i n c r e a s e  i n  d e p t h )  of 
the c i r c u l a r  arc, r e s u l t i n g  i n  n e g l i g i b l e  n e t  growth i n  pane l  width and thus  l i t t l e  
e f f e c t  on a d j a c e n t  pane l s .  The co r ruga ted  s t i f f e n e r s  are t r a p e z o i d a l  and had a 
t h i c k n e s s  of 0.012 in .  prior to chem-milling. However, t o  reduce the mass of the 
s t i f f e n e r s ,  t h e  s i d e w a l l s  are chem-milled t o  0.007 i n .  and t h e  bottoms are s c u l p t u r e d  
to  provide  uniform response  to  stress. The s c u l p t u r e d  ( t h i c k e r )  areas of t h e  s t i f f -  
e n e r s  are shown by the dark regions i n  f i g u r e  6. The c o r r u g a t e d  s k i n  is attached to  
t h e  s t i f f e n e r s  by three independent  rows of ove r l app ing  spot-welds a long  a l l  t h e  f l a t  
segments. Other  des ign  c o n s i d e r a t i o n s  of buck l ing ,  creep, and f l u t t e r  of t h e  
c o r r u g a t i o n  were cons ide red  i n  the s t r u c t u r a l  o p t i m i z a t i o n  ( r e f .  7 ) .  
S ince  t h e  aerodynamic s k i n  expands d u r i n g  h e a t i n g ,  an expans ion  j o i n t  i s  
r e q u i r e d  a t  one t r a n s v e r s e  edge of the h e a t - s h i e l d  pane l  to  p e r m i t  r e l a t i v e  motion of 
a d j a c e n t  p a n e l s  w i thou t  a l lowing  e x c e s s i v e  i n g r e s s  of t h e  boundary-layer  gases. (See 
f i g ,  4.)  A s h i n g l e / s l i p - j o i n t  concept  is used a t  the expans ion  j o i n t ,  wi th  the co r -  
ruga ted  s k i n s  ove r l app ing  0.63 in .  Because a d j a c e n t  s k i n s  are mounted a t  the same 
h e i g h t ,  an i n t e r f e r e n c e  of one s k i n  t h i c k n e s s  is used a t  the f a y i n g  s u r f a c e  to  mini- 
mize leakage .  
The h e a t  s h i e l d  is suppor ted  2.26 i n .  o f f  the primary s t r u c t u r e  by two t ypes  of 
beaded s u p p o r t  ribs ( f i g .  7 ) .  The r i b s  must t r a n s f e r  aerodynamic and h e a t - s h i e l d  
i n e r t i a l  l oads  to the primary s t r u c t u r e  and minimize h e a t  conduct ion  to  the primary 
s t r u c t u r e .  A f l e x i b l e  r i b  ( f i g .  7 ( a ) )  a l lows  f o r  l o n g i t u d i n a l  expansion of t h e  h e a t  
s h i e l d  a t  t h e  expans ion  j o i n t .  A f i x e d  r i b  ( f i g .  7 ( b ) )  is  used a t  the p o i n t  where 
two a d j a c e n t  p a n e l s  b u t t .  (See f i g s .  3 and 4.) Because t h e  s u p p o r t  r i b s  canno t  
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react to  l o a d s  i n  the l o n g i t u d i n a l  ( d r a g )  d i r e c t i o n ,  drag  s u p p o r t s  ( f i g .  7 ( b ) )  are 
l o c a t e d  a t  12-in. i n t e r v a l s  a long  t h e  f i x e d  r ib .  
The s u p p o r t  ribs are made up of a web and c l ips  which a t t a c h  t h e  w e b  t o  the h e a t  
s h i e l d  and to  the primary s t r u c t u r e .  Although t h e  t w o  types  of ribs are f u n c t i o n a l l y  
d i f f e r e n t ,  a common w e b  des ign  w a s  developed t o  reduce c o s t s .  The de ta i l s  of the web 
and r ib  c o n s t r u c t i o n  are g iven  i n  f i g u r e  8. Web and c l i p  t h i c k n e s s e s  are 0.0067 i n .  
and 0.030 i n .  The f i x e d  and f l e x i b l e  ribs are a t t a c h e d  to  t h e  heat sh i e ld  and to  t h e  
primary s t r u c t u r e  i n  t h e  manner shown i n  f i g u r e  9. B o l t s  w i t h  a thermal  i n s u l a t i o n  
washer made of a g l a s s - r e i n f o r c e d  s i l i c o n e  lamina te  are used t o  a t t a c h  s u p p o r t  r ibs  
to  t h e  pr imary s t r u c t u r e .  
a t t a c h  the ribs to t h e  h e a t  s h i e l d .  
Bl ind r i v e t s  made of Haynes a l l o y  N o .  18g3 are used to  
Edge f a i r i n g s  ( f i g s .  4 and 9 ( a ) )  w e r e  designed to seal t h e  test specimen w i t h i n  
t h e  t es t  c a v i t y  of the p a n e l  holder  and to provide  a smooth s u r f a c e  f o r  t h e  aerody- 
namic f low d u r i n g  t e s t i n g .  The forward and a f t  f a i r i n g s  were formed wi th  corruga-  
t i o n s  i d e n t i c a l  t o  those  used f o r  t h e  h e a t  s h i e l d .  The c o r r u g a t i o n s  are closed o u t  
a t  one end t o  provide  a smooth s u r f a c e  f o r  the aerodynamic flow. The s i d e  f a i r i n g s  
have f l a t  f l a n g e s  spot-welded to  the h e a t  s h i e l d .  A l l  t h e  edge f a i r i n g s  are formed 
w i t h  a curved (half-circle) l i p  designed to  s u p p o r t  a b r a i d e d  ceramic rope-type seal  
( f i g .  9 ( a ) ) .  
The i n s u l a t i o n  system ( f i g .  10)  p r o v i d e s  t h e  main barrier to  h e a t  t r a n s f e r  from 
the h o t  s h i e l d  t o  the pr imary s t r u c t u r e .  The i n s u l a t i n g  materials consis t  of 
1.38 i n .  of Micro-Quartz and 0.60 i n .  of TG 15000 which are compressed by 10 p e r c e n t  
t o  €it i n t o  the area between t h e  heat s h i e l d  and the pr imary s t r u c t u r e .  This  
10-percent  compression of t h e  i n s u l a t i o n  has  an i n s i g n i f i c a n t  e f f e c t  on the thermal  
properties ( r e f .  7 ) ,  p rovides  better r e t e n t i o n  of t h e  i n s u l a t i o n  b l a n k e t ,  and compen- 
sates f o r  the s l i g h t  s h r i n k a g e  which occurs  a f t e r  r e p e a t e d  high-temperature  expo- 
s u r e s .  A t h i n  aluminum i n s u l a t i o n  r e s t r a i n t  ( f i g .  9 ( a ) )  is used a t  the l e a d i n g  and 
t r a i l i n g  edges of the model t o  hold  t h e  i n s u l a t i o n  between the f i x e d  ribs and the 
model edges i n  place. This  r e s t r a i n t  is n o t  par t  of t h e  a c t u a l  TPS des ign .  Addi- 
t i o n a l  thermal  p r o t e c t i o n  is provided by packing the expansion c a v i t y  between t h e  
f l e x i b l e  ribs w i t h  Micro-Quartz i n s u l a t i o n ;  however, i n s u l a t i o n  i s  n o t  placed between 
t h e  c o r r u g a t e d  s t i f f e n e r s  of t h e  heat shield.  
Ins t rumenta t ion . -  The model w a s  ins t rumented  w i t h  64 thermocouples.  The thermo- 
couple  l o c a t i o n s  are shown i n  f i g u r e  11 and table 11. E i g h t  30-gage chromel-alumel 
f i b e r g l a s s - i n s u l a t e d  thermocouples w e r e  used to monitor  t h e  tempera ture  of t h e  alumi- 
num primary s t r u c t u r e .  These thermocouples were attached to  t h e  pr imary s t r u c t u r e  
w i t h  a high-temperature  adhes ive .  Ceramo-chromel-alumel thermocouples were used on 
t h e  heat s h i e l d ,  supports, and i n s u l a t i o n .  To e v a l u a t e  tempera ture  g r a d i e n t s  
throughout  the i n s u l a t i o n  t h i c k n e s s ,  f o u r  thermocouples w e r e  d i s t r i b u t e d  approxi-  
mately 0.50 i n .  apart throughout  t h e  t h i c k n e s s  a t  l o c a t i o n s  near  t h e  test p a n e l  cen- 
ter and n e a r  t h e  f l e x i b l e  r i b  (see s e c t i o n  A-A i n  f i g .  11 1 .  To e v a l u a t e  expansion 
j o i n t  l eakage  t h r e e  thermocouples were a t t a c h e d  l o n g i t u d i n a l l y  a t  t h r e e  l o c a t i o n s  t o  
t h e  back s i d e  of the aerodynamic s k i n .  The c e n t e r  thermocouple w a s  expected to 
record  a h i g h e r  tempera ture  i f  l eakage  should  occur .  The thermocouples on t h e  h e a t  
s h i e l d  and s u p p o r t  s t r u c t u r e  were spot-welded to  t h e  s t r u c t u r e s .  Motion-picture  
cameras were used f o r  photographing t h e  pane l  d u r i n g  t h e  wind-tunnel tests, and s t i l l  
photography w a s  used f o r  r e c o r d i n g  model s u r f a c e  appearance throughout  t h e  t e s t  
series. 
'Haynes a l l o y  N o .  188: R e g i s t e r e d  trademark of Cabot Corp. 
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Panel  Holder 
The Reng 41 TPS model was mounted i n  a panel  h o l d e r  ( f i g s .  12 and 1 3 )  which can  
accommodate test models up to 60.0 by 42.5 i n .  f o r  wind-tunnel t e s t i n g .  (See r e f s .  8 
and 9.) The aerodynamic s u r f a c e  of t h e  p a n e l  h o l d e r  was covered with a 1 .O-in-thick 
low-conduct ivi ty  Glasrock4 f u s e d  s i l i ca  p a n e l  which provided thermal  p r o t e c t i o n  f o r  
t h e  i n t e r n a l  s t r u c t u r e .  
boundary-layer  t r ips  w a s  used to  promote a t u r b u l e n t  boundary l a y e r  I and aerodynamic 
f e n c e s  provided uniform two-dimensional f low over  the e n t i r e  aerodynamic s u r f a c e .  
S u r f a c e  p r e s s u r e s  and aerodynamic h e a t i n g  rates were v a r i e d  by p i t c h i n g  t h e  p a n e l  
h o l d e r  to  a predetermined a n g l e  of at tack. 
A s'harp l e a d i n g  edge wi th  a la te ra l  r o w  of s p h e r i c a l  
The model w a s  i n s t a l l e d  on the p a n e l  h o l d e r  by b o l t i n g  the aluminum primary 
s t r u c t u r e  to  the sidewalls of t h e  panel-holder  i n t e r f a c e  system. I n s u l a t i o n  washers 
were used to  t h e r m a l l y  i s o l a t e  the model pr imary s t r u c t u r e  from the p a n e l  h o l d e r .  
The l e a d i n g  edge of t h e  model w a s  located 45 i n .  from t h e  l e a d i n g  edge of t h e  p a n e l  
h o l d e r .  
F a c i l i t y  
The TPS model w a s  t e s t e d  i n  the Langley 8-Foot High-Temperature Tunnel 
( f i g .  1 4 ) .  T h i s  t u n n e l  is a l a r g e  blowdown f a c i l i t y  that s i m u l a t e s  aerodynamic heat- 
i n g  and p r e s s u r e  l o a d i n g  a t  a nominal Mach number of 7 and a l t i t u d e s  between 80 000 
and 130 000 f t .  The h i g h  energy needed f o r  t h i s  s i m u l a t i o n  is o b t a i n e d  by burning a 
mixture  of methane and a i r  under p r e s s u r e  i n  t h e  combustor and expanding t h e  p r o d u c t s  
of combustion through a c o n i c a l  contoured nozz le  i n t o  t h e  f r e e - j e t  test  chamber. The 
f l o w  e n t e r s  a s u p e r s o n i c  d i f f u s e r  where an  a i r  ejector pumps it through a mixing t u b e  
and e x h a u s t s  it to  the atmosphere through a subsonic  d i f f u s e r .  This  t u n n e l  o p e r a t e s  
a t  a combustor t o t a l  tempera ture  T t I c  from 2500OR to 3600°RI a t  f ree-s t ream dynamic 
6 p r e s s u r e s  from 1.74 to  12.50 p s i a ,  and a t  f ree-s t ream Reynolds numbers from 0.3 x 10 
to  2.2 x lo6  per foot. 
The test model is i n i t i a l l y  covered with a c o u s t i c  b a f f l e s  and s t o r e d  i n  a pod 
below t h e  test  stream ( f i g .  1 4 ( b ) )  to protect it from adverse  t r a n s i e n t  loads r e s u l t -  
i n g  from t u n n e l  s t a r t - u p .  Once t h e  d e s i r e d  f low c o n d i t i o n s  are e s t a b l i s h e d ,  t h e  
b a f f l e s  are retracted and the model is r ap id ly  inser ted  i n t o  the test stream on a 
h y d r a u l i c a l l y  a c t u a t e d  e l e v a t o r  ( f i g .  1 4 ( c ) ) .  A model p i t c h  system provides  an 
angle-of - a t t a c k  range of &20° 
A r a d i a n t - h e a t e r  system is  used f o r  both the r a d i a n t - h e a t i n g  tests and as a 
p r e h e a t e r  f o r  t h e  aero thermal  tests. This  r a d i a n t - h e a t e r  system c o n s i s t s  of q u a r t z -  
lamp r a d i a t o r s  mounted under the a c o u s t i c  baffles ( f i g .  1 4 ) .  The r a d i a n t  lamps are 
powered by an  i g n i t i o n  tube  p o w e r  supply  and are c o n t r o l l e d  by a closed-loop s e r v o  
system to  produce t h e  d e s i r e d  tempera ture  h i s t o r i e s .  More detailed informat ion  con- 
c e r n i n g  t h e  test f a c i l i t y  can be found i n  r e f e r e n c e s  8 and 9. 
T e s t  Procedures  and Data Reduction 
The Reng 41 TPS model w a s  s u b j e c t e d  t o  r a d i a n t - h e a t i n g  tes ts  and to  - r a d i a n t  
preheat/aerothermal-heating tests wi th  the temperature- t ime h i s  t o r y  shown i n  
'Glasrock: R e g i s t e r e d  trademark of Glasrock Products  , Inc .  
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f i g u r e  15. This  tempera ture  h i s t o r y  is a simplified v e r s i o n  of the d e s i g n  tempera- 
t u r e  p r o f i l e  shown i n  f i g u r e  2. I n  both  the r a d i a n t - h e a t i n g  and t h e  aero thermal -  
h e a t i n g  tests, r a d i a n t  lamps w e r e  used to  h e a t  the model t o  t h e  maximum o p e r a t i n g  
tempera ture  a t  a rate of 3.6OR/sec. The tempera ture  p r o f i l e  was t h e  same for both 
tests e x c e p t  t h a t  the aero thermal  p o r t i o n  w a s  d e l e t e d  from the r a d i a n t  tests and no 
r a d i a n t  h e a t i n g  occurred  a f t e r  t h e  aerothermal h e a t i n g .  A l l  r a d i a n t  h e a t i n g  occur-  
r e d  a t  a tmospheric  p r e s s u r e .  
P r e l i m i n a r y  tests were conducted a t  low thermal loads t o  check t h e  model and 
test  equipment. 
1 0  r a d i a n t - h e a t i n g  tests and 3 r a d i a n t  preheat/aerothermal-heating tests. The maxi- 
m u m  tempera ture  and t h e  t i m e  exposed to maximum tempera ture  f o r  each type  of test are 
l i s t e d  i n  table 111. Incomplete  r a d i a n t - h e a t i n g  tests are inc luded  to  show e x a c t l y  
what c o n d i t i o n s  t h e  model exper ienced .  Table  I V  l ists  t h e  p e r t i n e n t  wind-tunnel t e s t  
c o n d i t i o n s  f o r  t w o  of t h e  aero thermal -hea t ing  tests. The f ree-s t ream Mach number M, 
w a s  nominal ly  6.7, the combustor t o t a l  tempera ture  w a s  approximately 325OoR, and the 
approximate Reynolds number w a s  1 .4 x l o6  per f o o t .  
s u r e s  w e r e  8.4 and 9.1 psia. 
The Reng 41 TPS model w a s  then  exposed to a t o t a l  of 13 tests: 
The f ree-s t ream dynamic pres- 
Several e v e n t s  s u b j e c t e d  t h e  model to  unusual  load c o n d i t i o n s .  During test  2, 
the model s u p p o r t s  w e r e  crushed by a s e v e r e  breakdown of f low d u r i n g  a t u n n e l  check- 
o u t  run which w a s  conducted c o n c u r r e n t l y  with the r a d i a n t - h e a t i n g  test. However, the 
model w a s  comple te ly  repaired and t e s t i n g  w a s  cont inued .  During tes ts  3, 4, and 5, 
equipment f a i l u r e  caused t h e  r a d i a n t  heaters t o  t u r n  of f  before m a x i m u m  temperature 
w a s  a t t a i n e d .  The model w a s  damaged beyond repair d u r i n g  t e s t  11 when a second 
breakdown of f low occurred  when the model w a s  i n s e r t e d  i n  the test  s e c t i o n .  Two 
a d d i t i o n a l  aerothermal tests were made on the damaged model to  test the  TPS damage 
t o l e r a n c e .  These tests are d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  "Resul t s  and Discus- 
s i o n "  s e c t i o n .  
During most of the tests, the tempera ture  of the h e a t  s h i e l d  w a s  raised to  t h e  
maximum o p e r a t i n g  tempera ture  (2060OR) by us ing  t h e  r a d i a n t  h e a t e r s  a t  a tmospher ic  
p r e s s u r e .  For the r a d i a n t - h e a t i n g  tests ( f i g .  151, t h e  maximum s u r f a c e  tempera ture  
w a s  maintained f o r  periods up to  approximately 500 sec and then  w a s  a l lowed to  f o l -  
l o w  t h e  remainder of t h e  expected Space S h u t t l e  t r a j e c t o r y  u n t i l  the n a t u r a l  cool- 
i n g  rate was less t h a n  3.6OR/sec. For t h e  r a d i a n t  preheat/aerothermal-heating tes ts  
( f i g .  151, t h e  maximum p r e h e a t i n g  tempera ture  w a s  maintained f o r  approximate ly  
500 sec prior to  wind-tunnel exposure i n  o r d e r  to  expose t h e  heat s h i e l d  to  aerody- 
namics l o a d s  a t  the h e a t  s h i e l d ' s  maximum tempera ture .  However, t h e  aero thermal -  
h e a t i n g  exposure could  be programmed to  occur  a t  any p o i n t  d u r i n g  t h e  s i m u l a t e d  Space 
S h u t t l e  t r a j e c t o r y .  When wind-tunnel f low c o n d i t i o n s  capable of m a i n t a i n i n g  t h e  
desired tempera ture  were s t a b i l i z e d ,  t h e  model w a s  q u i c k l y  exposed to  t h e  h y p e r s o n i c  
s t ream f o r  as long as t e s t  c o n d i t i o n s  could be maintained.  (See table 111.) 
The procedure f o r  t h e  aero thermal  p a r t  of t h e  tests w a s  to  s tar t  t h e  t u n n e l ,  
o b t a i n  c o r r e c t  f l o w  c o n d i t i o n s ,  d e e n e r g i z e  the r a d i a n t  h e a t e r s ,  retract t h e  h e a t e r s  
and a c o u s t i c  b a f f l e s ,  and i n s e r t  t h e  model i n t o  t h e  hypersonic  stream whi le  s i m u l t a -  
neous ly  p i t c h i n g  the p a n e l  h o l d e r .  The d e s i r e d  a n g l e  of a t t a c k  w a s  o b t a i n e d  prior 
to  reaching  t h e  stream c e n t e r l i n e .  A t  t h e  end of t h e  a e r o t h e r m a l  exposure,  t h i s  
procedure w a s  reversed .  The t u n n e l  shutdown w a s  i n i t i a t e d  after t h e  h e a t e r s  and 
the a c o u s t i c  b a f f l e s  had covered t h e  model and t h e  h e a t e r s  had been r e e n e r g i z e d .  
Although the h e a t e r s  were programmed to  c o n t i n u e  t o  f o l l o w  the cool-down t r a j e c t o r y  
u n t i l  t h e  n a t u r a l  c o o l i n g  rate was less t h a n  3 .6OR/sec, o p e r a t i o n a l  problems preven- 
t e d  t h e  h e a t e r s  from be ing  r e e n e r g i z e d .  The t i m e  between the lamps b e i n g  deenerg ized  
and t h e  model e n t e r i n g  t h e  stream w a s  k e p t  t o  a minimum (approximate ly  5 sec).  
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M o d e l  and t u n n e l  i n s t r u m e n t a t i o n  data were recorded wi th  high-speed d i g i t a l  
r e c o r d e r s .  During r a d i a n t - h e a t i n g  tests and p r e h e a t i n g  e v e n t s ,  thermocouple o u t p u t s  
w e r e  recorded a t  2-sec i n t e r v a l s .  During the aero thermal -hea t ing  p o r t i o n  of the 
tests, d a t a  were recorded a t  20 samples per second. A l l  data were reduced to engi -  
n e e r i n g  q u a n t i t i e s  a t  the Langley C e n t r a l  D i g i t a l  D a t a  Recording Subsystem. The 
a n a l y t i c a l  q u a n t i t i e s  r e p o r t e d  f o r  these wind-tunnel tests are based on the thermal, 
t r a n s p o r t ,  and f l o w  properties of t h e  test  medium of t h e  combustion p r o d u c t s  as 
determined from r e f e r e n c e  10. Free-stream c o n d i t i o n s  i n  t h e  test  s e c t i o n  w e r e  deter- 
mined from r e f e r e n c e  measurements i n  the combustor by u s i n g  r e s u l t s  from tunnel -  
stream-survey tests such as those  reported i n  r e f e r e n c e  8. The local Mach number w a s  
o b t a i n e d  from obl ique-shock r e l a t i o n s .  
RESULTS AND DISCUSSION 
R e s u l t s  of t h e  Ren; 41 TPS model tests are summarized i n  tables I11 and I V .  The 
model w a s  held a t  its approximate maximum o p e r a t i n g  tempera ture  (2060OR) by r a d i a n t  
h e a t e r s  f o r  a t o t a l  of 63.7 minutes and w a s  exposed to  a hypersonic  stream f o r  a 
t o t a l  of 53 sec. 
TPS S t r u c t u r a l  Performance 
S t r u c t u r a l  ruggedness of t h e  TPS w a s  demonstrated d u r i n g  t h e  t e s t  series when 
the model w a s  i n a d v e r t e n t l y  s u b j e c t e d  t o  t h e  p r e v i o u s l y  mentioned unusual  load condi-  
t i o n s .  During test 2, when t h e  s e v e r e  breakdown of f low occurred  d u r i n g  a t u n n e l  
checkout ,  the model s u p p o r t s  were crushed .  Damage w a s  conf ined  to  one side of the 
f l e x i b l e  r ib .  The damage inc luded  a b e n t  w e b  and broken and pul led-out  spot-welds. 
There w a s  no damage to  the h e a t  s h i e l d .  The model w a s  f u l l y  r e p a i r e d  w i t h  spare 
parts and t e s t i n g  w a s  cont inued.  However, d u r i n g  test 11 ( a t t e m p t e d  r a d i a n t  p r e h e a t /  
a e r o t h e r m a l  t es t )  f low breakdown occurred  upon model i n s e r t i o n  and a p a n e l  s e p a r a t e d  
from the f r o n t  end of the p a n e l  h o l d e r  and crushed t h e  TPS model. The panel  con- 
s i s t e d  of Glasrock t i les bonded to  a s t ee l  plate which w a s  bonded to t h e  p a n e l  
h o l d e r .  The sequence of e v e n t s  is shown i n  f i g u r e  16. Damage to  t h e  model w a s  
e x t e n s i v e  and i n c l u d e d  a l a r g e  i n d e n t a t i o n  across t h e  middle of the test  h e a t  s h i e l d  
as w e l l  as one major and several minor p e n e t r a t i o n s  ( f i g .  1 7 ) .  I n s u l a t i o n  w a s  sucked 
o u t  i n  the  immediate area of the m a j o r  p e n e t r a t i o n  (fig. 1 7 ( b ) ) .  To e v a l u a t e  the 
effect  t h i s  damage would have on a metallic TPS i n  a hypersonic  stream, t h e  damaged 
Re& 41 TPS model w a s  exposed to  t w o  r a d i a n t  preheat/aerothermal tests. 
p e n e t r a t i o n  w a s  covered w i t h  i n s u l a t i o n  to  p r e v e n t  t h e  r a d i a n t  p r e h e a t  p o r t i o n  of t h e  
tests from o v e r h e a t i n g  t h e  aluminum primary s t r u c t u r e  prior t o  t h e  aero thermal  expo- 
s u r e .  The i n s u l a t i o n  was p laced  over  the p e n e t r a t i o n  d u r i n g  t h e  r a d i a n t  p r e h e a t  por- 
t i o n  so t h a t  upon model i n s e r t i o n  i n t o  the test  stream t h e  i n s u l a t i o n  would be blown 
away. A l s o ,  a f ter  the a e r o t h e r m a l  exposure the model was allowed to  cool n a t u r a l l y .  
A f t e r  t h e  t w o  r a d i a n t  p r e h e a t / a e r o t h e r m a l  tes ts  t o t a l i n g  53 sec of aero thermal  expo- 
s u r e  ( f i g .  181, t h e  o n l y  n o t i c e a b l e  d i f f e r e n c e  w a s  a darkening  of t h e  Reng 41 h e a t  
s h i e l d  and t h e  aluminum primary s t r u c t u r e  around the major p e n e t r a t i o n .  N o  s t r u c -  
t u r a l  d e t e r i o r a t i o n  could be seen.  These tests demonstrated t h e  ruggedness of a 
s e v e r e l y  damaged metallic TPS. The pr imary s t r u c t u r e  became h o t t e r  than  t h e  810'R 
d e s i g n  l i m i t  d u r i n g  t h e  very  s h o r t  a e r o t h e r m a l  exposure t i m e ,  b u t  t h e r e  w a s  no cata- 
strophic damage. If similar impact damage had occurred  on an  R S I  TPS, more impact 
damage would have been expec ted .  A l s o ,  a d d i t i o n a l  damage would be expected because 
of e r o s i o n  of the RSI, as shown i n  r e f e r e n c e  11. 
The major 
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TPS Thermal Performance 
The temperature  d i s t r i b u t i o n s  on t h e  h e a t  s h i e l d ,  through t h e  i n s u l a t i o n ,  and 
on the primary s t r u c t u r e  f o r  bo th  a r a d i a n t - h e a t i n g  t es t  and a r a d i a n t  p r e h e a t /  
aero thermal -hea t ing  t e s t  are shown i n  f i g u r e  19. For t h e  r a d i a n t - h e a t i n g  tes t ,  t h e  
h e a t - s h i e l d  s k i n  reached a t empera ture  of 2050OR wi th  a s l i g h t l y  lower tempera ture  
f o r  t h e  bottom s u r f a c e  of t h e  c o r r u g a t e d  s t i f f e n e r .  The maximum tempera ture  i n  t h e  
i n s u l a t i o n  w a s  1970OR. The tempera ture  of t h e  pr imary s t r u c t u r e  away from t h e  sup- 
port  ribs only  reached 780°R, which is 30°R less than t h e  d e s i g n  va lue  of 810OR. The 
d e s i g n  value is based on the assumption t h a t  t h e r e  is no h e a t  loss from the backface 
of t h e  primary s t r u c t u r e  ( i .e. ,  it is an a d i a b a t i c  s u r f a c e ) .  I f  w e  assume t h a t  t h e r e  
were some l o s s e s  from t h e  backface of t h e  pr imary s t r u c t u r e  along with the reduced 
h e a t  i n p u t  t o  t h e  model, t h e  TPS performed e s s e n t i a l l y  as expected.  The o n l y  temper- 
a t u r e  d i s t r i b u t i o n s  measured i n  t h e  i n s u l a t i o n  under r a d i a n t  prehea t /aero thermal  
c o n d i t i o n s  ( f i g .  1 9 ( b ) )  were measured a f t e r  t h e  test  h e a t  s h i e l d  of t h e  model had 
been damaged. The tempera ture  of t h e  h e a t  s h i e l d  ( thermocouples  (TC's)  36 and 60) 
w a s  2050°R, t h e  same as f o r  t h e  rad ian t -hea t ing-only  tes t ;  however, t h e  tempera ture  
i n  t h e  i n s u l a t i o n  w a s  much h i g h e r  t h a n  f o r  t h e  rad ian t -hea t ing-only  tes t .  A t  an 
i n s u l a t i o n  depth  of 1 .O i n .  from t h e  primary s t r u c t u r e  (TC 40) t h e  temperature 
reached 1780°R, 337OR h i g h e r  than  €or t h e  rad ian t -hea t ing-only  test ( f i g .  1 9 ( a ) ) .  
Also, t h e  thermocouple 0.5 i n .  above t h e  pr imary s t r u c t u r e  (TC 41) w a s  266OR h i g h e r  
when exposed to  t h e  r a d i a n t  p r e h e a t / a e r o t h e r m a l  c o n d i t i o n s  than f o r  r a d i a n t  h e a t i n g  
only .  Thermocouple 42,  on the pr imary s t r u c t u r e ,  w a s  damaged earlier i n  t h e  tes t  
series. These h i g h e r  temperatures i n  t h e  i n s u l a t i o n  probably r e s u l t e d  f r o m  the 
lateral  i n d e n t a t i o n  near  t h e  c e n t e r  of t h e  test p a n e l  s i g n i f i c a n t l y  compressing t h e  
i n s u l a t i o n .  An enlargement  of t h e  aero thermal  p o r t i o n  of t h e  test  is shown on t h e  
r i g h t  s i d e  of f i g u r e  1 9 ( b ) .  This  enlargement  i l l u s t r a t e s  t h e  thermal  responses  
caused by each of the t u n n e l  events .  Even though the i n s u l a t i o n  tempera tures  were 
h i g h e r  t h a n  i n  t h e  rad ian t -hea t ing-only  t e s t  ( f i g .  19 (a  1 1 , t h e  s l o w  i n c r e a s e  i n  
i n s u l a t i o n  tempera ture  a t  approximately 9.0 i n .  from t h e  c e n t e r  of t h e  major p e n e t r a -  
t i o n  (TC's 40 and 41 I ,  i n d i c a t e s  h o t  gas i n g r e s s  had no n o t i c e a b l e  e f f e c t  on t h e  
i n s u l a t i o n  temperatures. 
The tempera ture  response of the h e a t  s h i e l d ,  t h e  s u p p o r t ,  and the pr imary s t r u c .  
t u r e  are shown i n  f i g u r e  20. For a rad ian t -hea t -only  test, t h e  h e a t - s h i e l d - s k i n  
tempera ture  a t  t h i s  leading-edge l o c a t i o n  (TC 2)  w a s  2030°R, approximately e q u a l  t o  
t h e  d e s i r e d  tempera ture  (2060OR). The maximum upper c l ip  tempera ture  (TC 3 )  was 
1966OR and the maximum p r i m a r y - s t r u c t u r e  tempera ture  (TC 5 )  w a s  820OR. The primary- 
s t r u c t u r e  temperature a t  TC 5 w a s  40°R h i g h e r  than  t h e  primary-s t r u c t u r e  temperature 
a t  TC 42, which w a s  l o c a t e d  approximately 10 i n .  from the f l e x i b l e  s u p p o r t  r ib .  Thii 
temperature d i f f e r e n c e  i n d i c a t e s  a small amount of h e a t  conduct ion  down t h e  s u p p o r t  
s t r u c t u r e .  The tempera ture  response of t h e  h e a t  s h i e l d ,  the support web ,  and t h e  
pr imary s t r u c t u r e  f o r  a r a d i a n t  p r e h e a t / a e r o t h e r m a l  test  are shown i n  f i g u r e  2 0 ( b ) .  
The h e a t - s h i e l d - s k i n  tempera ture  w a s  lower than expec ted  i n  t h i s  area (1930°R), i n d i  
c a t i n g  t h e  h e a t i n g  from t h e  r a d i a n t  h e a t e r s  w a s  n o t  evenly  d i s t r i b u t e d  over  t h e  mode 
s u r f a c e  f o r  this run. Therefore ,  a l l  o t h e r  temperatures on t h e  model w e r e  lower. 
The sudden tempera ture  increase f o r  TC 4 i n d i c a t e s  t h e  damaged edge f a i r i n g  may have 
al lowed i n g r e s s  of a small amount of h o t  gas .  
The tempera ture  response of t h e  h e a t  s h i e l d  and t h e  pr imary s t r u c t u r e  i n  t h e  
v i c i n i t y  of the major p e n e t r a t i o n  d u r i n g  a r a d i a n t  p r e h e a t / a e r o t h e r m a l  test  are show 
i n  f i g u r e  21. During t h e  r a d i a n t  p r e h e a t  portion of t h e  test t h e  p e n e t r a t i o n  was 
covered with i n s u l a t i o n ,  bu t  the i n s u l a t i o n  w a s  a l lowed to  be blown o f f  d u r i n g  t h e  
aero thermal  exposure. The tempera ture  of t h e  0.090-in-thick aluminum primary s t ruc -  
t u r e  (TC 64)  d i r e c t l y  underneath t h e  major p e n e t r a t i o n  reached 1120OR. As can be 
8 
s e e n  from t h e  expanded t i m e  scale, t h i s  tempera ture  w a s  s l i g h t l y  h i g h e r  than  t h e  
tempera ture  a t  a l o c a t i o n  about  6 i n .  upstream (TC 4 5 )  u n t i l  t h e  model w a s  exposed t o  
t h e  test  stream. During t h e  exposure,  the tempera ture  f o r  TC 64 rose very r a p i d l y  
while  t h e  tempera ture  for TC 45 i n c r e a s e d  a t  a much slower rate.  The i n t e r n a l  h e a t -  
i n g  rate cor responding  to  t h e  maximum t e m p e r a t u r e - r i s e  rate f o r  TC 64 w a s  4.6 Btu/ 
ft2-sec. I f  we a d j u s t  t h i s  h e a t i n g  rate to  a cold-wall va lue  by assuming a c o n s t a n t  
adiabatic tempera ture  i n  t h e  p e n e t r a t i o n  c a v i t y ,  t h e  cold-wall h e a t i n g  rate of the 
primary s t r u c t u r e  r e p r e s e n t s  32 p e r c e n t  of t h e  p o t e n t i a l  cold-wal l  h e a t i n g  of t h e  
h e a t  s h i e l d  e x t e r i o r .  Thermocouple 45 reached a tempera ture  of 8 2 0 ° R  ( o n l y  1 0 '  
h i g h e r  than  d e s i g n ) .  The aero thermal  p o r t i o n  of t h e  t es t  w a s  32 sec. During t h e s e  
tests, t h e  damaged area d i d  n o t  e n l a r g e ;  however, the h igh  i n t e r n a l  h e a t i n g  d i r e c t l y  
to  the pr imary s t r u c t u r e  i n d i c a t e s  t h a t  had t h e  damaged area been exposed to  aerody- 
namic h e a t i n g  f o r  t h e  e n t i r e  t r a j e c t o r y ,  an aluminum burn-through would have occur- 
red. The s e v e r i t y  of a burn-through would depend on its l o c a t i o n  on a v e h i c l e .  When 
t h e  model was damaged i n  t h e  wind-tunnel test ,  t h e  f i b r o u s  i n s u l a t i o n  i n  t h e  damaged 
area was immediately sucked o u t .  The damage t o l e r a n c e  of t h e  TPS could be improved 
by packaging the i n s u l a t i o n  so t h a t  it would remain a t  least  p a r t i a l l y  i n t a c t  when 
t h e  p e n e t r a t i o n  damage to  t h e  h e a t  s h i e l d  occurs ,  thereby  lowering t h e  primary- 
s t r u c t u r e  tempera ture  and p r e v e n t i n g  or d e l a y i n g  a burn-through. 
CONCLUDING REMARKS 
A f l i g h t - w e i g h t ,  metallic thermal p r o t e c t i o n  system (TPS) model applicable to  
E a r t h - e n t r y  and h y p e r s o n i c - c r u i s e  v e h i c l e s  w a s  s u b j e c t e d  to m u l t i p l e  c y c l e s  of b o t h  
r a d i a n t  and a e r o t h e r m a l  h e a t i n g  i n  o r d e r  to  e v a l u a t e  its a e r o t h e r m a l  performance, 
s t r u c t u r a l  i n t e g r i t y ,  and damage t o l e r a n c e .  The TPS is a mass-optimized ( 1 . 4 9 1  l b /  
f t2) ,  s h i n g l e d ,  r a d i a t i v e  s t r u c t u r e  c o n s t r u c t e d  of R e &  41 , a n icke l -base  a l l o y .  
TPS is des igned  f o r  a maximum o p e r a t i n g  tempera ture  of 2 0 6 0 O R  and f e a t u r e s  a s h i n -  
g l e d ,  c o r r u g a t i o n - s t i f f e n e d  cor ruga ted-sk in  h e a t  s h i e l d  wi th  i n s u l a t i o n  and beaded 
s u p p o r t  ribs. 
The 
The "PS model w a s  e v a l u a t e d  i n  t h e  Langley 8-Foot High-Temperature Tunnel. 
The model w a s  s u b j e c t e d  t o  10 r a d i a n t - h e a t i n g  tests, and t o  3 r a d i a n t  p r e h e a t /  
aero thermal -hea t ing  tests ( r e p r e s e n t a t i v e  of a Space S h u t t l e  e n t r y  tempera ture  h i s -  
t o r y ,  or t r a j e c t o r y ) .  The aerothermal tests were conducted a t  a nominal free-stream 
Mach number of 6.7, a s t a g n a t i o n  tempera ture  of approximate ly  3 2 5 0 ° R ,  and a Reynolds 
number of approximate ly  1 .4 x IO6  per f o o t .  The model outer s u r f a c e  w a s  main ta ined  
a t  t h e  approximate maximum o p e r a t i n g  tempera ture  of 2 0 6 0 O R  f o r  a t o t a l  of 63.7 min- 
u t e s  and w a s  exposed to a hypersonic  stream f o r  a t o t a l  of 53 sec. 
Under r a d i a n t  h e a t i n g  c o n d i t i o n s  w i t h  a maximum s u r f a c e  tempera ture  of 2 0 5 0 ° R ,  
t h e  TPS l i m i t e d  t h e  pr imary s t r u c t u r e  away from t h e  support ribs to tempera tures  
below 7 8 0 ° R ,  which is 3OoR less than  the d e s i g n  tempera ture  of 810 'R .  Thermal p r -  
formance w a s  as expected over  the 10 r a d i a n t - h e a t i n g  c y c l e s ,  a l though t h e  tempera- 
t u r e s  were n o t  corrected f o r  heat loss o u t  t h e  backface  of pr imary s t r u c t u r e  to  the 
c o o l e r  panel-holder  c a v i t y .  
During t h e  f i r s t  attempt a t  an  a e r o t h e r m a l  exposure,  a f a i l u r e  i n  t h e  panel-  
h o l d e r  test f i x t u r e  s e v e r e l y  damaged t h e  model. However, t w o  r a d i a n t  preheat/ 
a e r o t h e r m a l  tests were made with the damaged model t o  test  i t s  damage t o l e r a n c e .  I n  
g e n e r a l ,  i n t e r i o r  tempera tures  around t h e  damaged area were h i g h e r  than those i n  the 
r a d i a n t - h e a t i n g  tests. The aluminum primary s t r u c t u r e  reached 1 1  20'R d i r e c t l y  under 
t h e  p e n e t r a t i o n  d u r i n g  t h e  a e r o t h e r m a l  exposure,  and t h e  aluminum became d i s c o l o r e d  
i n  that  l o c a l i z e d  area; however, no s t r u c t u r a l  d e t e r i o r a t i o n  could be seen.  About 
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6 i n .  upstream from t h e  damage, the primary s t r u c t u r e  reached 820°R, 1O0R h ighe r  than  
t h e  des ign  l i m i t .  During t h e  two r a d i a n t  p rehea t / ae ro the rma l  tests, t h e  p e n e t r a t i o n -  
damaged area d i d  no t  e n l a r g e ;  however, t h e  r a p i d l y  i n c r e a s i n g  s t r u c t u r a l  t empera ture  
measured du r ing  t h e s e  tests i n d i c a t e s  t h a t  had t h e  damaged area been exposed t o  aero-  
dynamic h e a t i n g  f o r  t he  e n t i r e  t r a j e c t o r y ,  an aluminum burn-through would have occur-  
r ed .  The s e v e r i t y  of a burn-through would depend on its l o c a t i o n  on a v e h i c l e .  When 
t h e  model w a s  damaged i n  t h e  wind-tunnel t e s t ,  t h e  f i b r o u s  i n s u l a t i o n  i n  t h e  damaged 
area was immediately sucked o u t .  The damage t o l e r a n c e  of the TPS could be improved 
by packaging the  i n s u l a t i o n  so t h a t  it would remain a t  least  p a r t i a l l y  i n t a c t  when 
t h e  p e n e t r a t i o n  damage to  t h e  h e a t  s h i e l d  occur s ,  thereby  lowering t h e  primary- 
s t r u c t u r e  temperature  and p reven t ing  o r  de l ay ing  a burn-through. 
Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
May 16, 1984 
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TABLE I.- COMPONENT MASS OF REN6 41 TPS MODEL 
Element 
S u r f a c e  pane l :  
Skin  
S t i f f e n e r  
Doublers 
At tach  r i v e t s  
Suppor ts  : 
Webs 
Upper c l ips  
Lower c l ips  
Drag b r a c k e t s  
At tach  hardware 
I n s u l a t i o n :  
Micro-Quartz 
TG 15000 
T o t a l  
Mass, 
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Edge seal, f a i r i n g  heat-  
s h i e l d  panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
Clip,  f a i r i n g  hea t -sh ie ld  
panel 
Standoff web, f a i r i n g  
hea t -sh ie ld  panel 
Primary s t r u c t u r e ,  f a i r i n  
hea t -sh ie ld  panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
:lip, f a i r i n g  hea t -sh ie ld  
panel 
Standoff web, f a i r i n g  
hea t -sh ie ld  pane l  
Primary s t r u c t u r e ,  f a i r i n ,  
hea t - sh ie ld  panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
Skin, f a i r i n g  hea t -sh ie ld  
panel 
:lip, f a i r i n g  hea t -sh ie ld  
panel 
Standoff web, f a i r i n g  
hea t -sh ie ld  panel 
Primary s t r u c t u r e ,  f a i r i n <  
hea t -sh ie ld  panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
: l ip,  t e s t  heat -sh ie ld  
panel 
standoff web, test heat-  
sh i e ld  panel 
?rimary s t r u c t u r e ,  test 
hea t -sh ie ld  panel 
Skin, test hea t -sh ie ld  
panel 
;kin, test hea t -sh ie ld  
panel 
Cnsulation a t  1.8 in . ,  
test hea t -sh ie ld  panel 
Cnsulation a t  1.5 i n . ,  
test  hea t -sh ie ld  panel 
tnsu la t ion  a t  1 .O in . ,  
test  hea t -sh ie ld  panel 
[nsu la t ion  a t  0.5 in . ,  
test  hea t -sh ie ld  panel 
?rimary s t r u c t u r e ,  test 
hea t -sh ie ld  panel 







































































S t i f f e n e r  bottom, test 
hea t -sh ie ld  panel 
Edge s e a l ,  test heat-  
sh i e ld  pane l  
Skin, test hea t -sh ie ld  
panel 
Skin,  test hea t -sh ie ld  
panel 
S t i f f e n e r  bottom, test 
hea t -sh ie ld  pane l  
In su la t ion  a t  1.8 i n . ,  
test  hea t -sh ie ld  panel 
In su la t ion  a t  1.5 in. ,  
t e s t  hea t - sh ie ld  panel 
In su la t ion  a t  1 .O in. ,  
test hea t -sh ie ld  panel 
In su la t ion  a t  0.5 in . ,  
test hea t -sh ie ld  pane l  
Primary s t r u c t u r e ,  test 
hea t -sh ie ld  pane l  
Skin, test hea t -sh ie ld  
panel 
S t i f f e n e r  bottom, test: 
hea t -sh ie ld  pane l  
Primary s t r u c t u r e ,  test 
hea t -sh ie ld  pane l  
Edge s e a l ,  test heat-  
sh i e ld  panel 
Skin, test hea t -sh ie ld  
panel 
S t i f f e n e r  bottom, test 
hea t -sh ie ld  panel 
Skin, test hea t -sh ie ld  
panel 
Cl ip ,  test hea t -sh ie ld  
panel 
Standoff web, test heat-  
sh i e ld  panel 
Primary s t r u c t u r e ,  test 
hea t -sh ie ld  pane 1 
Edge s e a l ,  test heat-  
sh i e ld  panel 
Skin, f a i r i n g  heat-shielt  
pa ne 1 
Skin, f a i r i n g  heat-shielt  
panel 
Skin, f a i r i n g  heat-shiell  
panel 
Skin, f a i r i n g  heat-shiell  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Skin, test hea t -sh ie ld  
panel 
Primary s t r u c t u r e ,  test 
hea t -sh ie ld  pane l  
aSee f i g u r e  11. 
bAdded a f t e r  model damage. 
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TABLE 111.- SUMMARY OF TESTS 
MOD T e s t  T t , c r  a, qal I OR deg psia 
12 3 340 11.1 8.4 6 e7 


















MR per f o o t  
4.9 1.338 x lo6  
4 e 6  1.430 
Type of test 
Radiant  









lerothermal '  
4ero the  rma 1 
lero thermal  
Maximum r a d i a n t  
temperature ( a v ) ,  














daximum aero therma 1 





Time a t  maximum 
s u r f a c e  tempera ture ,  

















t e s t  
21 
32 
aModel damaged when f low broke down d u r i n g  t u n n e l  checkout.  
bEquipment f a i l u r e  caused r a d i a n t  h e a t e r s  to t u r n  of f  (rapid cool downs 1 . 
'Model damaged when f l o w  broke down on model i n s e r t i o n .  
TABLE I V  e- WIND-TUNNEL TEST CONDITIONS 
14 
250 
LUse region for Re& 41 TPS 
Figure 1 .- Entry isotherms on lower sur face  of Space Shu t t l e  o r b i t e r .  
S u r f  ace 






Increase due t o  
L 
0 500 1000 1500 2000 2500 
Time a f t e r  s t a r t  o f  entry,  sec 
Figure 2.- Temperature h i s t o r y  of R e &  41 f o r  Space S h u t t l e  e n t r y  t r a j e c t o r y  
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t Corrugated skin 
I 
-441 
1%. 321 (sculptured) 
Figure 5.- Geometry of hea t  sh i e ld .  Dimensions are i n  inches.  
L-81-105 
Figure 6 .- Sculptured corrugated s t i f f e n e r .  (Sculptured areas are indica ted  by 
darker  regions.  ) 
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( a )  F lex ib le  r i b .  
(b) Fixed r i b  w i t h  drag supports .  
Figure 7.- Beaded support  r i b s .  
L-84-44 
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B1 in d r i v e t  
F1 ow 
f .50 r Edge f a i r ing  
.63 Ms / <Panel holder 
Insul a t i  on r e s t r a i n t  
Thermal insulat ion 
washer 
P r i ma ry s t ru c t u re 
Bolt , 
( a )  Fixed r i b .  
Expansion jo in t  
L:i:iT Blind r ive t  F1 ow 
i 
( b )  F l e x i b l e  r ib.  
F igure  9.- Details  of s u p p o r t  a t tachment .  Dimensions 
are i n  inches .  
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Packed Corrugated 
s t ruc ture  









L o c a t i o n  
Edoe s e a l  
S k i n  
C l i p  
S t i f f e n e r  b o t t o m  
S t a n d o f f  web 
P r i m a r y  s t r u  c t u  r e  
I n s u l a t i o n  
Q u a n t i t y  a t  l o c a t i o n  









3 4 5 0 7 8  
F a i r i n g  h e a t - s h i e l d  pane l  
U r e  S e c t i o n  A-A S e c t i o n  A-A L P r i m a r y  s t r u c t u r e  








































Boundary-1 aye r  
t r i p s  
( n o t  t o  sca le ) -  
Sharp 





L I n t e r f a c e  system 
Aerodynamic fences 
Figure 13.- Sharp-leading-edge panel holder with TPS model installed. 
Dimensions 
are in inches. 
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m u  
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7 Aerothermal heating - 
-Radiant heating ---- 1- iiadiant heating - 
I I I I 
500 1000 1500 2000 2500 
t ,  sec 
Figure 15.- Typical surface radiant-heating or radiant preheat/aerothermal-heating 
profile for Space Shuttle entry conditions. (Aerothermal-heating section deleted 
during radiant-heating tests.) 
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( a )  Glasrock f r o n t  panel l i f t i n g  off su r f ace  
of panel holder .  
(b) Glasrock panel completely detached from 
panel holder .  
I 
G1 a s r o c k  pane? 
-F 
(c) Glasrock panel crushing a g a i n s t  Reng 41 
TPS model. 
Figure 16 .- Sequence ,of events  leading to  damage 









































































































































































-p r i  ma ry s t r  uc t ure 
500 I I I I 
1000 1500 2000 2500 0 500 
t, sec 
(a) Test 2 (radiant-heating test). 
Figure 19.- Temperature distributions on heat shield, through the insulation, 
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( a )  T e s t  2 ( r a d i a n t - h e a t i n g  tes t ) .  
F igure  20 .- Temperature response of h e a t  s h i e l d ,  suppor t ,  and primary s t r u c t u r e .  
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